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Abstract: Purpose: This study employed a Life Cycle Assessment (LCA) methodology to evaluate
the environmental impacts of a novel plant cell-based biomanufacturing process for producing
plant natural product ingredients. The primary purpose was to assess the relative sustainability of
the process and to provide insights into potential areas of improvement in the biomanufacturing
process. Method: The LCA method used an MS Excel (Ver. 2407) -based approach with a cradle-to-
gate system boundary covering raw material sourcing (A1), raw material transportation (A2), and
product extract manufacturing (A3) stages. Energy use and material inventory data are presented
for different unit operations, and environmental impact factors were obtained from the Ecoinvent
database. The study included a Material Circularity Index (MCI) calculation to assess the circularity
of the biomanufacturing process for the production of saponin emulsifiers that are normally extracted
from the woody tissue of the Chilean soapbark tree (Quillaja saponaria). Comparative analyses were
performed against a wild-harvest approach for plant tannin extraction from spruce (Picea abies)
tree bark. Key Results: The environmental impact assessment focused on determining relative
Global Warming Potential (GWP), Acidification Potential (AP), Freshwater Eutrophication (FE),
Particulate Matter Formation (PMF), and Ozone Depletion Potential (ODP). Results indicated that the
extract manufacturing stage (A3) contributed significantly to adverse environmental impacts, with
varying levels of effects based on the energy source used. Comparative analysis with the wild harvest
approach highlights the lower environmental impact of the alternative biomanufacturing process. The
biomanufacturing process showed a 23% reduction in GWP, AP, and FE and a 25% reduction in PMF
and ODP relative to the wild harvest approach. However, the MCI for the biomanufacturing process
was estimated to be 0.186, indicating a low material circularity. Conclusions: The results revealed
that the extract manufacturing stage, particularly energy consumption, significantly influences the
relative environmental impacts of the alternative production processes. Different energy sources
exhibit varying effects, with renewable energy sources showing lower environmental impacts. The
Material Circularity Index indicated a low circularity for the biomanufacturing process, suggesting
opportunities for improvement, such as incorporating recycled or reused materials. Compared with
the tannin extraction process, the plant cell-based biomanufacturing process demonstrated lower
environmental impacts, emphasising the importance of sustainable practices and the use of renewable
energy sources in future plant natural product sourcing. Recommendations include implementing
more sustainable practices, optimising raw material choices, and extending product life spans to
enhance circularity and overall environmental benefits.

Keywords: biomanufacturing; circularity; life cycle assessment; plant cell

1. Introduction

The global demand for plant-derived natural products in diverse industries such
as pharmaceuticals, cosmetics, and nutraceuticals has placed considerable pressure on
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traditional production methods, particularly wild harvesting. This practice, which involves
the extraction of plant materials directly from natural ecosystems, has long served as a
primary source for phytochemicals and other plant-derived bioactive compounds. How-
ever, the growing scale of demand for plant-derived natural products, coupled with the
environmental and social costs of wild harvesting and climate change impacts, has raised
significant sustainability and availability concerns around future product accessibility [1,2].
Traditional wild harvesting can lead to biodiversity loss, habitat degradation, and the
depletion of natural resources, ultimately threatening the stability of ecosystems and the
livelihoods of communities dependent on them [3-6]. These vulnerabilities are further
exacerbated by the impacts of climate change and the resulting increased unpredictability
of affordable raw material availability [7].

In response to these challenges, plant cell culture (PCC) technology has emerged as
a promising alternative for the production of phytochemicals [8-10]. Unlike traditional
wild harvesting, PCC enables the controlled in vitro cultivation of plant cells, allowing
for the year-round production of high-value plant-derived secondary metabolites without
the need for extensive land use or resource extraction from natural habitats [11-13]. This
alternative biomanufacturing approach offers several advantages, including the ability to
produce specific phytochemicals year-round, independent of environmental conditions
such a drought or pestilence, while reducing the pressure on natural ecosystems. PCC also
facilitates the production of consistent, high-quality bioactive compounds that are crucial
for industries reliant on stable supply chains [13-15].

However, despite the potential environmental benefits of PCC, the energy-intensive
nature of PCC-based production systems—particularly as these are non-photosynthetic het-
erotrophic processes—raises important questions about their overall sustainability [16,17].
To date, examples of comprehensive environmental impact assessments of PCC systems
for phytochemical production remain limited [18]. This study seeks to address this gap by
employing a Life Cycle Assessment (LCA) to evaluate the environmental impacts of Green
Bioactives Limited’s (GBL) novel plant cell culture-based biomanufacturing process for
phytochemical production. LCA provides a holistic framework for assessing the environ-
mental performance of biomanufacturing processes by analysing inputs and outputs across
the entire production cycle, from raw material sourcing to the final product [19].

This study focuses on key environmental indicators, such as Global Warming Potential
(GWP), Acidification Potential (AP), and Material Circularity Index (MCI), to assess the
environmental performance of the plant cell culture-based biomanufacturing process.
Additionally, the research compares the environmental impacts of this innovative plant
cell-based approach with those of traditional wild harvesting methods, specifically for the
production of tannins [20]. By examining these factors, this study aims to identify areas for
improvement in the sustainability of the PCC processes, such as optimizing energy use and
incorporating more circular practices. The findings will contribute to a better understanding
of the environmental implications of plant cell culture technology and support the transition
toward more sustainable and reliable phytochemical production methods.

2. Methodology
2.1. Life Cycle Assessment
2.1.1. Aim and Scope

The aims of this assessment were to: (1) assess and compare the environmental impact
of the plant cell culture-based biomanufacturing process; (2) identify critical process stage(s)
contributing to environmental load; (3) assess the circularity of the biomanufacturing pro-
cess with a Material Circularity Index (MCI) calculation; and (4) compare the impact of the
plant cell culture-based biomanufacturing process with a traditional wild harvest approach
across different stages of manufacturing and to identify the difference in environmental
impact between the two manufacturing approaches.
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2.1.2. Standards, Software and Database

This LCA was conducted in accordance with 1SO14040 and 1SO14044 [21,22]. The
various environmental impact factors were obtained from the Ecoinvent database (https:
/ /ecoinvent.org/the-ecoinvent-database/, accessed on 3 November 2023) [23] using the
OpenLCA software 2.0 (https://www.openlca.org/, accessed on 3 November 2023) [24].

2.1.3. System Boundaries

The system boundary of the plant cell culture-based production process is given in
Figure 1. This indicate the limits of the system being investigated in this study using the
LCA method (Section 2.1.5). The following energy-consuming production stages were
considered within the system boundaries, including production process, extraction, and
post-extraction: the production process including upstream processing comprising inocu-
lum and media preparation; the growth of plant cells in the bioreactor (biomanufacturing);
plant cell harvesting after the biomanufacturing stage; a preprocessing stage including
separation of conditioned media and biomass; and an optional drying stage to obtain
dried biomass and cell disruption through homogenisation. The extraction stage included
4 scenarios to yield different concentrations of plant cell extract depending on biomass
input and solvent/biomass ratio; scenario 1, 2, and 3 yielded 7.8% (w/v), 25% (w/v) and
50% (w/v) fresh cell weight (FCW) extract, respectively; and scenario 4 yielded 20% (w/v)
dry cell weight (DCW) extract. The post-extraction stage included 4 approaches to yield
different extracts: centrifugation of the resulting extract from extraction scenario 1, 2, or
3 yielded liquid extract 1 comprising 7.8% (w/v), 25% (w/v), or 50% (w/v) FCW. An ad-
ditional spray dry process following the aforementioned centrifugation step yield dried
extract in powder form. Centrifugation of the resulting extract from extraction scenario
4 yielded liquid extract 2 comprising 20% (w/v) DCW, and a 60% concentrated extract can
be achieved via evaporation of liquid. The dried extract, liquid extract 2, or evaporated
extract can be further diluted with solvent.

Energyand raw materials
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Figure 1. System boundary for the plant cell culture-based biomanufacturing process, comprising
different extraction scenarios and final product formats.
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2.1.4. Life Cycle Inventory (LCI)

Tables 1-4 summarise the life cycle inventory data for the material and energy require-
ments of the plant cell culture-based biomanufacturing process. Table 1 captures the various
operations and energy requirements provided by GBL that constitute the three stages of the
biomanufacturing process (production, extraction, and post-extraction concentration of the
final product) to manufacture 1 kg of plant extract (with final product specification depend
on the scenario). These data cover the different extraction and post-extraction scenarios

highlighted in Figure 1.

Table 1. Inventory data for the energy input to the various unit operations of the biomanufactur-

ing process.

Biomanufacturing Processes Description Energy (kWh)
Upstream Processing Preparation of VSC inoculum and media 68.0
Biomanufacturing Growth of plant cells in the bioreactor 2184.0
Production Process Homogenisation Cell disruption in solvent 15.0
Drying Removal of water from the system 160.0
Adsorption Use of resins to recover biomolecules 0.0
P from conditioned media ’
Extraction 1 .
(7.8% FCW) Extraction 20.0
Extraction Extraction 2 .
(15% FCW) Extraction 20.0
Extraction 3 .
(200/o DCW) Extraction 80.0
Extraction 4 .
(50% FCW) Extraction 20.0
Centrifugati 221
Post-Extraction Scenario 1 S en HS gation
Post- pray Drying 60.0
. Post- Extraction Scenario 2 Centrifugation 22.1
Extraction i
. . Evaporation 37.5
Post-Extraction Scenario 3 . .
Filtration 3.6

Table 2. Embodied environmental factors of various energy sources considered in the analysis.

Embodied Carbon Embodied Embodied I]i:;z::ll:i Matter Embodied Ozone
Energy Source  Factor Acidification Factor =~ Eutrophication Factor Depletion Factor

(kgCO2e/kWh) (kgSO2e/kWh) Factor (kgPe/kWh) (kgPM2.5¢/kWh) (kgCFC11e/kWh)
Energy Mix 4.66 x 1072 1.90 x 1074 1.71 x 1072 8.14 x 107° 4.20 x 1077
Geothermal 7.54 x 1072 2,60 x 1074 3.87 x 1072 1.60 x 1074 2.50 x 1078
Hydropower 431 x 1073 1.33 x 107° 1.50 x 10~° 9.90 x 107° 499 x 1077
Wind 1.34 x 1072 5.88 x 107° 1.05 x 107° 3.23 x 1075 5.83 x 10~°
Solar 7.84 x 102 3.50 x 104 517 x 107° 1.80 x 1074 3.35 x 1077

Table 2 captured the embodied environmental factors of energy resources including
mixed energy comprising 70% fossil fuel sources (natural gas, coal, and oil) and 30%
renewable sources (geothermal, hydropower, wind and solar), geothermal, hydropower,

wind, and solar energy.

Table 3 summarises the materials, quantities, supplier/manufacturer (assumed to be
in Glasgow, UK), mode of transport of materials to GBL (in this case, a lorry), and the total

distance from Glasgow to GBL (Edinburgh, UK).
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Table 3. Inventory data for the material input into the biomanufacturing process.

Materials Mass Per Supplier Location (A) GBL Mode of Distance from
Volume (kg/L) PP Location (B) Transport A to B (km)
Glasgow, UK Edinburgh UK
MS Salts 0.0043 PA4 9RF EH26 OPL Lorry 96.1
. . Glasgow, UK Edinburgh UK
B5 Vitamin Stock 1000X 0.0010 PA4 O9RF EH26 OPL Lorry 96.1
Glasgow, UK Edinburgh UK
Sucrose 0.0300 PA4 ORF EH26 OPL Lorry 96.1
. Glasgow, UK Edinburgh UK
Casein hydrolysate 0.0005 PA4 ORF EF26 OPL Lorry 96.1
Glasgow, UK Edinburgh UK
PVP-10 0.0015 PA4 9RF EH26 OPL Lorry 96.1
Glasgow, UK Edinburgh UK
6-BA 0.000001 PA4 ORF EH26 OPL Lorry 96.1
N Glasgow, UK Edinburgh UK
Kinetin 0.000001 PA4 9RF EH26 OPL Lorry 96.1
Glasgow, UK Edinburgh UK
NAA 0.000001 PA4 9RF EH26 OPL Lorry 96.1
Glasgow, UK Edinburgh UK
2,4-D 0.000003 PA4 ORF EH26 OPL Lorry 96.1
Edinburgh UK Edinburgh UK
Water 1.000000 EH26 OPL EH26 OPL N/A 0.0
Table 4. Embodied environmental factors of materials input into the biomanufacturing process.
Embodied Carbon Em.bf)c.hec'l Embodied Emb'odled Embodied Ozone
. Acidification . .. Particulate Matter .
Material Factor Factor Eutrophication Factor Depletion Factor
(kgCO,e/kWh) (kgSOze/kWh) Factor (kgPe/kWh) (kgPM2.5¢/kWh) (kgCFC11e/kWh)
MS salt 3.90 x 1072 1.40 x 105 591 x 10~8 0.00 x 10° 0.00 x 100
fgog;zamm stock, 1.95 x 100 5.87 x 1073 440 x 104 258 x 1073 401 x 107
Sucrose 0.00 x 109 0.00 x 10° 0.00 x 109 0.00 x 10° 0.00 x 10°
Casein hydrolysate 2.05 x 10° 1.07 x 1072 8.00 x 1074 4.20 x 1073 1.56 x 107°
PVP-10 1.95 x 10° 5.87 x 1073 440 x 107* 2.58 x 1073 4.01 x 1077
6-BA 1.95 x 100 5.87 x 1073 440 x 1074 2.58 x 1073 4,01 x 1077
Kinetin 1.95 x 10° 5.87 x 1073 440 x 10~* 258 x 1073 4.01 x 1077
NAA 1.42 x 100 5.87 x 1073 440 x 1074 2.58 x 1073 4,01 x 1077
24D 1.95 x 10° 5.87 x 1073 440 x 1074 2.58 x 1073 4.01 x 1077
Water 0.00 x 100 0.00 x 109 0.00 x 100 0.00 x 109 0.00 x 10°

2.1.5. Life Cycle Impact Assessment (LCIA) Method

An MS Excel-based LCIA approach was conducted to evaluate the relative environ-
mental impacts of the plant cell culture-based biomanufacturing process in producing 1 kg
of plant extract at four different % of fresh cell weight (FCW) (Table 1).

The LCIA was conducted using a cradle-to-gate approach, with the life cycle stages
comprising of raw material sourcing (A1), transportation (A2), and production (A3). In
this case, A3 deals with the energy input for the plant cell culture-based biomanufacturing
process, and Al deals with the production of the raw materials that serve as the ingredients
required as inputs into that biomanufacturing process. A2 covers the transportation of
the raw materials from their manufacturer or supplier to the plant cell culture-based
biomanufacturing process. The following impact categories were chosen: Global Warming
Potential (GWP), Acidification Potential (AP), Freshwater Eutrophication (FE), Particulate
Matter Formation (PMF), and Ozone Depletion Potential (ODP). These were selected
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by considering previous LCA studies on the wild harvesting process for phytochemical
production (tannin) [20] and for their relevance to electricity use [25].

2.2. Material Circularity Index

The material circularity indicator (MCI) [26,27] for the biomanufacturing process was
determined using the following formula in (1), as per the Ellen MacArthur Foundation:

MCI =1— LFI % F(X) 1)

LFI refers to the linear flow index, which measures the proportion of material flowing
linearly, sourced from virgin materials and ending up as unrecoverable waste. The LFI was

calculated as shown in (2):
V+W

M 2)
where V is the mass of virgin feedstock, W is the mass of the irrecoverable waste, and M
is the mass of the product. The values for V and W were calculated as shown in (3) and
(4), respectively.

LFI =

V=M1 - Fr—Fy—Fs) (©)
W= M(1-Cr—Cy—Cc) 4)
where Fg, F;, and Fg represent the fraction of feedstock derived from recycled, reused, and
biological materials, respectively. In addition, Cg, Cyj, and Cc represent a fraction of the

product collected for recycling, reuse, and composting. The function F(X) is defined as
shown in (5).

0.9
F(X) =+ (5)
where X is the product utility defined as shown in (6).
L u
X=—orX=_—— 6
LH'U uav ( )

where L is the life span of the product, and L, is the industry average life span of a compa-
rable product. U is the number of functional units achieved during the use of the product,
and Uy, is the average number of functional units achieved for a comparable product.

3. Results and Discussion

The LCIA was conducted with a focus on five impact categories: Global Warming
Potential (GWP), Acidification Potential (AP), Freshwater Eutrophication (FE), Particulate
Matter Formation (PMF), and Ozone Depletion Potential (ODP). This assessment’s func-
tional unit (FU) was The Yield of Final Plant Extract (in kg at the % FCWs of extract as
indicated in Table 1). The FU was selected to allow for comparison with the chosen closest
wild harvest approach with available LCA data—tannin extraction from spruce (Picea abies)
bark [20]. To provide a more complete proxy for comparative analysis, it was assumed that
the tannin extract was produced from spruce trees grown in Chile and that the final extract
was then shipped to the plant cell culture-based biomanufacturing location in Edinburgh.
The system boundary for the wild harvest approach is given in Figure 2 below, and the
associated inventory data showed in Table 5 [20].
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Figure 2. System boundary for the tannin extraction from spruce bark, Figure adapted from [20]
licenced under CC-NC 4.0 (https:/ /creativecommons.org/licenses /by-nc/4.0/). Modification were
made. Extraction 1: One step of hot-water extraction. Extraction 2: One step of cold-water extraction
and one step of hot-water extraction. Extraction 3: Three steps of hot-water extraction. Extraction 4:
One step of cold-water extraction and three steps of hot-water extraction. Dried extract 1 (30 wt.%
tannin), Liquid extract 2 (5 wt.% tannin), and Liquid extract 3 (5 wt.% tannin).

Table 5. Inventory data for the tannin extraction from spruce bark. Post-Extraction Scenario 1, 2, and
3 yielded dried extract 1, liquid extract 2, and liquid extract 3, respectively, in Figure 2. Table adapted
from Ding et al. [20].

Tannin Extraction Description Energy (kWh)
Extraction Extraction Extraction 22.80
. . Evaporation 2111
Post-Extraction Scenario 1 Spray Drying 7 600
Post-Extraction Post-Extraction Scenario 2 Evaporation 192.8
Post-Extraction S 03 Ultrafiltration 0.410
ost-Extraction Scenario Evaporation 9750

3.1. Environmental Impact Assessment

Figure 3 shows the normalised environmental impacts of the various life cycle stages
(A1-A3), including all scenarios within the system boundary (Figure 1). Normalising the
different environmental impacts allowed for comparing the impacts on a standard scale to
enable the identification of those impacts which are the most significant.

The raw material (Al) and transport (A2) stages contributed least to the various
environmental impact categories. However, the plant cell culture-based biomanufacturing
process (BMP, production stage A3) contributes significantly to the environmental impacts
depending on the energy source employed. From a scenario analysis, the global warming
potential was the most significant environmental impact, irrespective of the energy source
used, followed by acidification. Using only solar- or geothermal-driven energy sources
pose the most environmental impact in terms of global warming potential, acidification
potential, and eutrophication even compared to the mixed energy scenario due to their
higher embodied environmental factors (Table 2). In addition, using hydropower-derived
energy sources produces the most negligible environmental impacts, followed by wind
power. Comparing hydropower and wind sources, the wind source gives a higher carbon
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footprint than hydropower, while hydropower has a higher ozone depletion potential
than wind. The energy mix scenario includes fossil fuel sources (natural gas, coal, and
oil) accounting for 70% and renewable sources (wind, solar, hydropower and geothermal)
constituting the remaining 30%. This gives a fair representation of Scotland’s energy
production, where the plant cell culture-based biomanufacturing process is located.

0.030
B Global Warming Potential
DAcidification Potential
0.025
OEutrophication
OParticulate Matter
0.020
" BO0zone Depletion
e
o
O
(7}
T 0015
N
©
£
£
)
=z
0.010
0.005
0.000 &=
A1-Raw  A2-Transport A3-BMP A3 - BMP A3 - BMP A3 - BMP A3 - BMP
Materials (Energy Mix) (Geothermal) (Hydropower) (Wind) (Solar)

Life Cycle Stages

Figure 3. Normalized scores for the various environmental impact categories associated with GBL’s
biomanufacturing process across production stages A1-A3.

Figure 4 shows the environmental impacts of producing the various raw material
inputs associated with the plant cell culture-based biomanufacturing process. The results
indicate that Vitamin B5, Casein Hydrolysate, and PVP-10 production contribute signif-
icantly to global warming potential, due to their high embodied environmental factors
(Table 4) and higher material input (Table 3). However, the materials” contribution to the
biomanufacturing process’s overall carbon footprint is insignificant.

Figure 5 shows the contribution of all stages, raw materials, transport, and the unit
operations of the plant cell culture-based biomanufacturing process across the various envi-
ronmental impact categories. The figure shows that the biomanufacturing stage contributes
significantly to all impact categories. This could be attributed to the significant energy
consumption associated with the biomanufacturing stage (2184 kWh).

3.2. Material Circularity Index (MCI) of the Biomanufacturing Process

The MCI for the biomanufacturing process was estimated to be 0.186, which indicates
that the process has a relatively low material circularity, which can be attributed to two main
reasons. Firstly, the raw materials used in the biomanufacturing process (currently) have
0% recycled or reused content (Table 6). This means that these process ingredients were
made using virgin materials, which could include finite resources (Table 6). In addition,
only 19% of the used media, regarded as waste, contains depleted ingredients, after the
plant cell culture-based biomanufacturing process is recycled. Secondly, the product utility
in terms of its longevity showed that the products have a life span (data provided by
GBL) less than the industry average for comparable products, as shown in Table 7. A
short product life span accelerates resource depletion and intensifies waste generation,
negating circular economy principles. Prolonging product life enhances circularity by
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reducing the frequency of resource extraction and waste disposal. To improve the MCI of
the biomanufacturing process, more sustainable practices, such as using raw materials with
more recycled or reused contents, would be required. Additionally, using raw material
inputs to the process that contain high proportions of reused and recycled materials and that
are not entirely manufactured from virgin materials could improve the biomanufacturing
process MCL Improving the MCI of the biomanufacturing process would not only reduce
its environmental impact but could also lead to cost savings and increased competitiveness

in the market.

0.000025

0.000020

0.000015

Normalized Scores

0.000010

0.000005

0.000000
MS Salts

Figure 4. Environmental impacts associated with producing the various input materials associated
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B Global Warming Potential
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OParticulate Matter

B O0zone Depletion

8

PVP-10 6-BA Kinetin NAA 2,4-D Water

Materials

with the plant cell culture based-biomanufacturing process.

Table 6. Recycled /reused content of raw materials used in extract production and recycled/reused

fraction of waste generated.

Raw Materials Waste
Ingredients
Recycled Content (%) Reused Content (%) Recycled Fraction (%) Reused Fraction (%)
MS Salts 0 0 0.19 0
B5 Vitamin Stock 1000X 0 0 0.19 0
Sucrose 0 0 0.19 0
Casein hydrolysate 0 0 0.19 0
PVP-10 0 0 0.19 0
6-BA 0 0 0.19 0
Kinetin 0 0 0.19 0
NAA 0 0 0.19 0
2,4-D 0 0 0.19 0
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Figure 5. Contribution of the various stages of the life cycle of the plant cell culture-based biomanu-
facturing process to the environmental impact categories.

Table 7. Life span of the products obtained from the biomanufacturing process compared to the
industry average lifespan.

Products (Output) Life Span (Months) Industry Average Life Span

(Years)
Liquid extract [7.8, 25, 50% FCW] 24 2
Dried extract (Powder) 25 3
Liquid Extract 2 (20% DCW) 26 4
Evaporated extract (100X) 27 5

3.3. Biomanufacturing Process and Wild Harvest Approach

Figure 6 compares the plant cell culture-based biomanufacturing process with the
tannin extraction process (wild harvest approach) based on the following environmental
indicators: global warming potential, acidification potential, eutrophication, and ozone
depletion potential. Compared with the wild harvest approach, the life cycle assessment
(LCA) of the plant cell culture-based biomanufacturing process shows that the environ-
mental impact categories are lower than those of the tannin extraction process across the
life various cycle stages. The reason for this difference can be attributed to several factors.
Firstly, the biomanufacturing process uses plant cell culture-based technology to produce
natural ingredients, which is a sustainable approach. On the other hand, the tannin ex-
traction process requires spruce bark, which involves land use and forest management
practices. Secondly, the transport stage for the tannin extraction process is high due to the
long distance for transportation of the spruce bark from Chile to the UK. This contributes
significantly to the environmental impact categories associated with tannin extraction.
Finally, the high electricity requirement for extracting the tannin from the spruce bark also
contributes to its high-impact categories.

The plant cell culture-based biomanufacturing process uses renewable energy sources
such as hydropower and wind power, which produce negligible environmental impacts.
The extract production stage was compared using the same energy source (energy mix
comprising 70% fossil fuel sources and 30% renewable sources). The LCA of the bioman-
ufacturing process shows that it has lower impact categories than the tannin extraction
process. This can be attributed to the sustainable and reliable approach. The sustainabil-
ity of the approach stems from its lower environmental impact and the reliability of the
shorter/local supply chains. Figure 7 compares the plant cell culture-based biomanufac-
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Figure 6. Environmental impact assessment for the biomanufacturing process and tannin ex-
traction process (A) global warming potential, (B) acidification potential, (C) eutrophication, and
(D) ozone depletion.
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Figure 7. A comparison of GBL biomanufacturing vs. tannin extraction processes’ greenhouse
gas emissions impact (kgCOye) at different post-extraction scenarios. E1-E4 represents extraction
scenarios for 7.8% FCW, 25% FCW, 50% FCW and 20% DCW in the case of biomanufacturing
and dried extract 1, liquid extract 2 (5% tannin), and liquid extract 3 (5% tannin) for the tannin
extraction process.
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The greenhouse gas emissions footprint (kgCO,e) of the tannin extraction from pro-
cessed spruce bark was approximately 60% higher than that of the plant cell culture-based
biomanufacturing process using electricity sourced across a variety of energy mixes. Irre-
spective of the post-extraction scenarios, the biomanufacturing process has a lower carbon
emissions footprint than the tannin extraction process. Extracting tannins from spruce
bark often involves energy-intensive processes, such as grinding, boiling, and chemical
treatments, which require significant amounts of energy, water, and waste treatment. This
can result in higher greenhouse gas emissions and increased energy consumption. The
same trend exists regarding the post-extraction scenarios when considering other environ-
mental impact categories—acidification, eutrophication, and ozone depletion. Figure 8
compares the post-extraction energy use for both processes. One of the reasons the energy
requirements for the tannin extraction are higher than those for the biomanufacturing
process is that the extraction procedure requires a significant amount of hot water for steam
extraction of processed bark tissue.

800
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S
=
>
2]
¢ 400
[
w S
300
200
0

BMP (E1) BMP (E2) BMP (E3) BMP (E4) Tanin (E1) Tanin (E2) Tanin (E3) Tanin (E4)

Figure 8. Energy requirements for the post-extraction scenarios for tannin extraction and biomanu-
facturing processes (BMP).

4. Conclusions

In pursuing sustainable industrial practices, this study undertook a Life Cycle Impact
Assessment (LCIA) of a biomanufacturing process for producing plant natural product
extracts. The system boundary of the analysis encompassed various production stages,
including raw material sourcing, transportation, and production, focusing on understand-
ing the environmental implications of the biomanufacturing process in order to suggest
potential areas for process improvement.

4.1. Environmental Impact Insights

The results of the LCIA shed light on the nuanced environmental impacts associated
with the biomanufacturing process. Unveiling the cradle-to-gate journey of plant extract
production, the study identified key contributors to the plant cell culture-based biomanu-
facturing processes’ environmental footprint. Notably, the production stage (A3) emerged
as a significant contributor, primarily due to energy-intensive processes involved in the
growth of plant cells and their subsequent extraction procedures. This underscores the
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importance of scrutinising energy consumption practices and energy sourcing choices
in biomanufacturing.

4.2. Energy Source Influence

The study delved into the role of energy sources in shaping environmental impacts.
Hydropower and wind power, being renewable sources, demonstrated the potential to min-
imize process environmental footprints. The comparative scenario analysis highlighted that
the type of energy harnessed could substantially impact process outcomes, with associated
global warming potential emerging as a consistent area of concern. The significance of this
impact (while not unexpected per se) prompts a strategic evaluation of energy procurement
practices, advocating for a more urgent transition toward the use of cleaner and more
sustainable energy alternatives.

4.3. Material Circularity Index

The Material Circularity Index (MCI) assessment offered a unique lens into the current
sustainability of the plant cell culture-based biomanufacturing process [27]). With an MCI
of only 0.186, the process demonstrated a relatively low level of material circularity. This
stemmed from the absence of recycled or reused content in the process raw material inputs
and a product life span falling short of industry averages. This finding unveils pivotal areas
to focus future process improvements, indicating the potential to enhance circularity by
incorporating recycled or reused materials and extending the life span of the final product.

4.4. Comparative Analysis with the Wild Harvest Approach

A distinctive facet of this study lies in the comparative analysis with the wild harvest
approach towards plant natural products manufacturing, specifically tannin extraction
from spruce bark. The findings of this comparison unveil the sustainability advantages
of the biomanufacturing process. The relative environmental friendliness of the plant cell
culture-based technology, especially when coupled to the use of renewable energy sources,
positions this approach as a less environmentally impactful alternative to traditional wild
harvesting methods.

4.5. Recommendations for Improvement

The study concludes by offering actionable recommendations to enhance the future
sustainability of plant cell culture-based biomanufacturing processes. Strategies include
shifting toward cleaner energy sources, fostering circularity by incorporating recycled or
reused materials, and exploring avenues to extend product life spans. Collaborative efforts
with suppliers to ensure sustainable sourcing practices and a comprehensive evaluation
of energy mix strategies in their production processes can further contribute towards
improving environmental stewardship. As industries navigate the evolving sustainability
landscape, this study lays the groundwork for future research into plant cell culture-
based production processes. Further investigations could delve into optimising energy
consumption in biomanufacturing, exploring innovative approaches to enhance circularity,
and conducting more comprehensive life cycle assessments of alternative production
methods. In conclusion, this study thoroughly examines the plant cell culture-based
biomanufacturing process, offering valuable insights into its environmental impact and
sustainability potential. By dissecting each production stage and conducting a comparative
analysis, the study advances our understanding of the biomanufacturing landscape and
charts a course for industry to adopt more sustainable operations. As we continue to
grapple with the impacts of global climate change and resource depletion and availability
challenges, endeavours such as these contribute to the broader narrative of fostering
environmentally conscious industrial practices.
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